Objective: To examine the independent and synergistic effects of gestational diabetes mellitus (GDM) and low socioeconomic status (SES) on neurodevelopment and attention-deficit/hyperactivity disorder (ADHD) outcomes.
G
ESTATIONAL DIABETES mellitus (GDM) typically develops in the second and third trimesters and is defined as glucose intolerance with onset or first recognition during pregnancy. 1 Approximately 7% of all pregnanciesarecomplicatedbyGDM-more than 135 000 cases per year. 2 The prevalence of GDM has been rising for over 20 years, particularly among ethnic minorities and individuals with low socioeconomic status (SES), 3, 4 ashavelifestylechangesthatheighten risk including greater consumption of saturated fats, sugar, and processed foods, and sedentary working environments.
The development of GDM coincides with a period of rapid fetal brain development. [5] [6] [7] [8] [9] Yet, the long-term neurobehavioral consequences have remained relatively unexplored. Results from the few studies that have examined this show deficits in fine and gross motor function, [10] [11] [12] [13] lower verbal IQ, 14 language impairment, 15 greater inattention and hyperactivity, 13, 16 and poorer general cognitive function. 17 The postpartum environment may also play a part in neurobehavioral consequences. Children in low SES households consistently demonstrated compromised neurological, cognitive function scores, and attention-deficit/hyperactiv-
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ity disorder (ADHD). 18 Explanations for these associations include limited access to health care resources, 19, 20 compromised quality of living, [21] [22] [23] suboptimal lifestyle, 24 poor nutrition, 25, 26 limited exposure to intellectual stimuli, 27, 28 and greater psychosocial stress. 29 Furthermore, the effect of low SES is more detrimental for children born with low birth weight (LBW) 30 and children of mothers with prenatal substance abuse [31] [32] [33] relative to children born without such risk factors.
This study examines the risk for ADHD as a neurobehavioral consequence of GDM by comparing offspring of mothers with and without GDM in an economically diverse sample. We hypothesize that (1) offspring exposed to mother's GDM will have greater inattention and hyperactivity scores as preschoolers and will be at greater risk for developing ADHD 2 years later; and (2) there will be poorer neurodevelopmental outcomes and greatest risk for ADHD among offspring exposed to both maternal GDM and lower SES.
METHODS

PROCEDURES AND PARTICIPANTS
The ADHD Rating Scale-IV (ADHD RS-IV) 34, 35 was distributed to parents of 3-and 4-year-old children in preschools surroundingQueensCollege,Flushing,NewYork,forthislongitudinalstudy of preschoolers at risk for ADHD. Teachers were contacted after we received signed parental consents. Participants were recruited an approximately 2:1 ratio of "at-risk" to "typically developing" children. At-risk children had at least 6 inattention or 6 hyperactive and impulsive symptoms as rated by parents and/or teachers. Typically developing children had fewer than 3 symptoms in each domain. Children and parents were required to be English speaking. Children with an IQ below 80, pervasive developmental disorder, diagnosed neurological disorder, or who took systemic medication for medical conditions (including ADHD) were excluded. Four nonbiological children were excluded, resulting in 212 children in the current study. This study was approved by the Queens College institutional review board.
RISK FACTORS: GDM AND SES STATUS
History of GDM was obtained from mothers through face-toface interview about the child's developmental history by a trained interviewer blind to the child's clinical data. Family SES was measured by the Socioeconomic Prestige Index, a widely used measure of social position 36 with a theoretical range of 0 to 100. The cut-off point to create low and high SES was the families' mean score of 55.4.
ADHD SYMPTOMS AND DIAGNOSIS
The ADHD RS-IV
Parents and teachers completed the ADHD RS-IV 34, 35 at baseline, which consists of the 9 inattention and 9 hyperactive/impulsive behaviors in the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) (DSM-IV) rated on a 4-point scale. Collapsing across items, the mean (SD) ADHD RS-IV teacher and parent totals were 21.39 (16.58) and 21.10 (13.05), respectively. The ADHD RS-IV provides a reliable and valid measure of ADHD symptoms in children, 37 including preschoolers.
34,35
ADHD Diagnosis
The Kiddie Schedule for Affective Disorders and SchizophreniaPresent and Lifetime Version (Kiddie-SADS-PL) 38 is a reliable, semistructured child psychiatric interview used to assess child psychiatric conditions as outlined in the DSM-IV. Interviews were repeated annually with the parent by a trained interviewer, either a PhD-level psychologist or a well-trained doctoral student (D.J.M. and J.M.H.), who was blind to the GDM and SES status. The presence or absence of diagnoses was determined by the clinician based on all available clinical information and was systematically reviewed at a consensus meeting led by a licensed psychologist ( J.M.H.).
CHILD NEUROPSYCHOLOGICAL FUNCTIONING, TEMPERAMENT, AND BEHAVIORAL/EMOTIONAL FUNCTIONING
Neuropsychological functioning at baseline (ages 3-4 years) across 5 neuropsychological domains was measured by Developmental Neuropsychological Assessment (NEPSY) 39 : attention/ executive functioning (ability to plan ahead and to inhibit impulsive responses); language; memory; sensorimotor (fine motor coordination); and visuospatial processing (ability to accurately perceive and reconstruct 2-and 3-dimensional designs). These domain scores have good stability over time (r=0.68-0.90).
The Wechsler Preschool and Primary Scale of IntelligenceThird Edition (WPPSI-III), which was administered at baseline, is a standardized, norm-referenced intelligence test for use with young children (ages 2.5-7 years). It provides a full-scale IQ score as well as separate verbal and performance IQ scores and a general language composite.
CHILD TEMPERAMENT (AGES 3-4 YEARS)
The 29-item Temperament Assessment Battery for Children Revised (TABC-R) 40 has good internal consistency (Cronbach ␣, 0.86-0.95). Items are rated on a scale from 1 (hardly ever) to 7 (almost always) and generate 4 dimensions: inhibition, negative emotionality, activity level, and lack of task persistence.
BEHAVIORAL AND EMOTIONAL FUNCTIONING AT FOLLOW-UP (AGE 6 YEARS)
The Behavior Assessment System for Children-2 (BASC-2) Parent and Teacher Rating Scales are instruments that measure clinical and adaptive dimensions of behavior by parents and teachers, respectively. 41 Clinical scales measure hyperactivity, aggression, anxiety, depression, somatization, atypicality, withdrawal, and attention problems. The composite scale measures the behavioral symptoms index. Adaptive scales measure adaptability and functional communication.
POTENTIAL CONFOUNDERS
The ages of the mother and child, sex, race/ethnicity, and LBW were considered a priori demographic confounders. In addition, self-reports of maternal and paternal ADHD symptoms, derived from the Conners' Adult ADHD Rating Scale, 42 maternal alcohol use, and smoking during pregnancy, and the riskgroup status (at-risk vs typically developing) were considered as confounders. 
DATA ANALYSIS
Regression analysis, applying generalized estimating equations (GEE), 43, 44 was used to estimate the effect of GDM on children's ADHD symptoms and neurobehavioral functioning, rated by both parents and teachers. The GEE allows the use of information from multiple informants and provides regression coefficients and their standard errors, taking the correlation between ratings from multiple informants into account. 45 We used the "unstructured" correlation as the covariance structure, which uses robust estimators of variances to protect against misspecifications of the covariance structure and to ensure that the P values are not biased. At-risk and typically developing children were combined to maximize the distribution of ADHD severity.
For binary diagnostic outcomes of ADHD, 2 analysis evaluated the magnitude of the risk (odds ratio [OR]) for ADHD by GDM and family SES. If significant, the BreslowDay test of homogeneity of OR examined a differential magnitude of risk for ADHD by GDM as a function of family SES. This was followed by logistic regression analysis, stratified on family SES. Finally, children were grouped as (1) neither GDM nor low SES (reference group), (2) only GDM, (3) only low SES, and (4) both GDM and low SES. Neuropsychological functioning, and temperament at baseline as potential early markers for ADHD were compared in these 4 groups. Pairwise comparisons were conducted with the Holm correction 46 for multiple comparisons. Potential confounders were adjusted in the analysis.
To evaluate interactive effects of GDM and low SES on child neurobehavioral development, the presence or absence of additive interaction was tested. [47] [48] [49] [50] [51] [52] The increased risk for ADHD among children exposed to only GDM, only low SES, and both GDM and low SES was calculated relative to the risk among the reference group. Additive interaction (ie, synergy) exists when the risk of having both risk factors exceeds the sum of the risks for GDM and low SES. The presence of an additive interaction can be examined using an index: attributable proportion (AP) due to interaction; AP exceeding 0 indicates that the increased risk is due to the joint exposure to the 2 risk factors. The 95% CI was calculated based on the HosmerLemeshow CI estimation of interaction. 53 
RESULTS
DEMOGRAPHICS
Children entered the study at age 3 or 4 years (mean age, 4.1) years. Mean ages for fathers and mothers were 33.6 and 31.3 years, respectively. Most families were "middle class," with a mean SES score of 55.5. 35 Girls comprised 26.5% of the children, and 12.4% had LBW (Ͻ2500 g). Participants were racially and ethnically diverse with 58.9% white, 12.3% black, 10.4% Asian, and 18.4% mixed race; 31% had at least 1 Hispanic parent.
Twenty-one mothers (10.0%) had GDM while pregnant with the study child. There was no difference in children's age, family SES, LBW, race/ethnicity, sex, or history of mother's smoking during pregnancy by GDM status. However, children exposed to mothers' GDM compared with children unexposed had older mothers (30.8 vs 36.1 years) and fathers (33.1 vs 36.8 years). Mothers with GDM had higher ADHD symptoms (P=.02), and less alcohol use during pregnancy (P=.05) than mothers without GDM ( Table 1) .
ADHD SYMPTOM SCORES AND DIAGNOSIS BY GDM AND LOW SES
The mean inattention score at baseline for offspring exposed to mother's GDM was significantly higher than for offspring unexposed (12.25 vs 9.50; P =.05), but there was no difference in hyperactivity/impulsivity scores between the groups (12. 
DIFFERENTIAL RISK OF ADHD BY GDM AMONG THE HIGHER AND LOWER FAMILY SES
The Breslow-Day tests of homogeneity of the OR showed a differential effect of GDM on ADHD at age 6 years as a function of SES (low vs high) OR (P = .01). Subsequent stratified logistic regression models confirmed this; high SES families had a negligible increased risk for ADHD associated with GDM (OR, 0.96; 95% CI, 0.71-1.30; P=.79), whereas low SES families had a 7-fold increased risk for ADHD (OR, 7.0; 95% CI, 1.58-31.48; P =.004).
NEUROPSYCHOLOGICAL DEVELOPMENT AND TEMPERAMENT CHARACTERISTICS AT AGE 3 TO 4 YEARS AMONG THE 4 GROUPS
Neuropsychological indicators showed significant differences in language (PϽ .001), visuospatial (P=.001), and memory domain scores (P=.005) among the 4 groups of offspring exposed to both GDM and low SES, only GDM, only SES, and neither. For more global WPPSI-III measures, verbal IQ (P Ͻ.001), full-scale IQ (P Ͻ.001), and the general language composite scores (PϽ.001) were significantly different. Across measures, group 4 was consistently the lowest ( Table 2) . We also found differences in temperament. Except for negative emotion (P=.19), offspring exposed to both GDM and low SES had the highest scores for all other domains: lack of inhibition (P Ͻ .001), activity level (P = .04), lack of persistence (PϽ.001), and impulsivity (P =.003). Table 3 shows group differences in adaptability (P=.04) and functional communication (P =.009). Inspection of clinical subscales revealed significant differences in depression (P = .03), atypicality (P = .01), withdrawal (P = .05), and attention problems (P = .004). Across all areas, the group with both GDM and low SES consistently had the highest problem scores.
BEHAVIORAL AND EMOTIONAL FUNCTIONING AT AGE 6 YEARS
EVIDENCE FOR ADDITIVE INTERACTION OF GDM AND LOW SES ON THE RISK OF ADHD AT AGE 6 YEARS
The Figure shows a clear additive interaction 52 between the mother's GDM and low SES on the risk for ADHD at age 6 years, showing a synergistically increased risk of ADHD by joint effects of GDM and low SES. Specifically, relative to the reference group of children, neither children exposed to only GDM (OR, 0.60; 95% CI, 0.30-1.17; P =.13) nor children exposed to only low SES (OR, 0.90; 95% CI, 0.47-1.65; P = .70) exhibited a notably increased risk. However, children exposed to both GDM and low SES had more than a 14-fold increased risk for ADHD (OR, 14.31; 95% CI, 2.14-95.88; P=.006). This is substantial, considering the sum of risks by GDM alone 53 and by low SES alone was only 1.50. A a Data are given as means (SDs). Group 1, children exposed to neither mother's GDM nor low SES (n = 97); group 2, children exposed to mother's GDM but not low SES (n = 12); group 3, children exposed to low SES but not mother's GDM (n = 94); and group 4, children exposed to both mother's GDM and low SES (n=9).
b The ␣ for P value for pair-wise comparisons was adjusted for multiple comparisons using sequential Bonferroni (Holm) method. Age of mother, mother's alcohol use and smoking during pregnancy, age, sex, race/ethnicity, and birthweight of the child, and maternal ADHD symptoms, paternal ADHD symptoms, and risk-group status (at-risk vs typically developing) are included in the generalized estimating equations model as covariates. formal test of additive interaction showed the synergy indicator, AP, was 0.82 (95% CI, 0.77-0.87) suggesting that 82% of the increased risk for ADHD is attributable to the joint effects of the mother's GDM and low SES, and additive interaction was significant as confirmed by the 95% CI not including 0.
53,54
COMMENT
The current study examined whether maternal GDM and low SES, alone and in combination, heighten risk for ADHD symptoms and diagnosis, cognitive and neuropsychological dysfunction, and emotional/behavioral problems in offspring. Our data are consistent with, and expand, the results of prior studies, providing the following 4 main findings. First, both GDM and low SES have negative effects on ADHD symptoms and diagnosis. Second, the magnitude of risk between GDM and ADHD differs significantly by family SES. Third, children exposed to both GDM and low SES demonstrated a wide range of compromised neurobehavioral functions. Fourth, the risk for ADHD increased synergistically when the children were exposed to both GDM and low SES. Neither children exposed to only lower SES nor children exposed to only mother's GDM had a notable increase in the risk for ADHD at age 6 years. To our knowledge, this is the first study to examine the joint effects of prenatal in utero exposure to GDM and postnatal family SES on various neurobehavioral functions and ADHD diagnosis among preschool-age children. It is also the first to document a synergistic increase in the risk for ADHD among offspring exposed to GDM and low SES.
The 1970s saw improved glucose control during pregnancy, and pregnant women were routinely monitored for elevated glucose levels to prevent adverse obstetric (eg, preeclampsia, excessive weight gain, hypertension, and cesarean delivery) and neonatal outcomes (eg, neonatal mortality, jaundice, nerve palsy, macrosomia, shoulder dystocia, and bone fractures). While these changes improved obstetric and neonatal outcomes, they were not designed to prevent potential adverse effects on central nervous system dysregulation of offspring. As this study clearly demonstrates, especially within low SES households, the risk of GDM for both mother and infant may extend far beyond birth. Few studies have focused on the role of GDM and the relationship between complica- Risk of attention-deficit/hyperactivity disorder at age 6 years by mother's gestational diabetes mellitus (GDM) and family socioeconomic status (SES). Group 1, children exposed to neither mother's GDM nor low SES; group 2, children exposed to mother's GDM, but not low SES; group 3, children exposed to low SES, but not mother's GDM; and group 4, children exposed to both mother's GDM and low SES. The ␣ values for P value for pair-wise comparisons were adjusted for multiple comparisons using sequential Bonferroni (Holm) method. The age of the child and of the mother at the child's birth, child's race/ethnicity, sex, low birth weight, maternal smoking during pregnancy, maternal alcohol use during pregnancy, maternal and paternal attention-deficit/hyperactivity disorder symptoms, and risk-group status (at-risk vs typically developing) were adjusted in all analyses.
b Data are given as means (SDs). Group 1, children exposed to neither mother's GDM nor low SES (n = 97); group 2, children exposed to mother's GDM but not low SES (n = 12); group 3, children exposed to low SES but not mother's GDM (n = 94); and group 4, children exposed to both mother's GDM and low SES (n=9 tions during pregnancy and birth and later neurocognitive dysfunction. Among them are studies from the 1960s and 1970s 55 that examined the association between GDM and IQ, although results were inconclusive. [56] [57] [58] Recently Ornoy et al 13 and Ornoy 16 demonstrated that the consequences of GDM affect a much wider array of neuropsychological domains related to children's attention and learning problems than was previously thought.
Although the mechanism of synergistic influences of GDM and low SES on ADHD and other suboptimal neurobehavioral indicators remains unknown, practitioners in internal medicine, endocrinology, obstetrics, and pediatrics should be alerted so that there can be multiple points of intervention to prevent the development of neuropsychological dysfunction in offspring. For example, a woman with a family history of diabetes mellitus (DM) or those living in low SES households could be advised to work with a nutritionist, even before conception, so that through routine monitoring and dietary modification she could reduce the likelihood of GDM if and when she does get pregnant.
Of women who had GDM, 20% to 50% are at risk for developing DM in subsequent pregnancies 59, 60 and type II DM within 5 to 10 years postdelivery. 2, 61 Obstetricians should encourage these women to work with an endocrinologist and a nutritionist to prevent type II DM after pregnancy, especially if she is likely to become pregnant again. Mothers-to-be should be informed that elevated glucose levels during the critical period of fetal brain development must be avoided to prevent the diversion of fetal resources from supporting brain development to supporting pancreatic function. Pediatricians should be informed if a patient's mother had GDM for closer monitoring for potential therapeutic services. All of these potential interventions are critical for those with lower SES.
Our study has several methodological strengths. First, both dimensional measures of behavioral problems related to ADHD and DSM IV-based ADHD diagnoses were established by semistructured psychiatric interviews by interviewers blind to mother's GDM status and family SES. Second, to maximize available multiple informant data, we used an analytic strategy (GEE) that reduces informant bias by taking into account correlations between multiple informant reports. 62, 63 Third, an examination of additive interaction between GDM and low SES, rather than multiplicative interaction, on ADHD at age 6 years allowed us to actually estimate the degree of synergy. However, we have separately tested a model with a multiplicative interaction term (GDMϫlow SES). As expected, the interaction term was significant on an increased risk for ADHD at age 6 ( 2 1 = 13.8; P Ͻ.001). Fourth, we are in the early phase of a prospective follow-up study evaluating the risk factors for ADHD in children. Thus, we will eventually be able to identify early patterns and sequence of the disorder.
Our study also has limitations. First, GDM status is based on mothers' retrospective reports, which can be affected by recall bias, although several studies have validated mothers' reports of their pregnancy complications and birth outcomes. 64, 65 Second, it might be the glucose level during the critical window of fetal brain development that is predictive of the risk for developmental problems, including ADHD. A measure of the serum glucose level would have strengthened our findings. Third, although measures of parental hyperactivity and inattention were adjusted in our analyses, the family history of ADHD was not available. However, mothers with GDM had greater ADHD symptoms than mothers without GDM. While both mothers' and fathers' ADHD symptoms have been statistically adjusted in all analysis, we should be cautious in interpreting our results.
Despite these limitations, this study demonstrates that children of mothers with GDM raised in lower SES households are at far greater risk for developing ADHD and showing signs of suboptimal neurocognitive and behavioral development. Since ADHD is a disorder with high heritability, efforts to prevent exposure to environmental risks through patient education may help to reduce the nongenetic modifiable risk for ADHD and other developmental problems. It remains unclear, however, whether GDM increases the risk for ADHD in particular or is a nonspecific risk factor for a spectrum of neurodevelopmental and psychiatric disorders. Nevertheless, it is clear that developing a refined understanding is urgently needed among expectant mothers regarding certain risk-prone behaviors (overeating, poor diet, and smoking during pregnancy) to mitigate the long-term human and economic costs.
